Decreased Hepatic Expression of the Low-Density Lipoprotein (LDL) Receptor
and LDL Receptor-Related Protein in Aging Rats Is Associated With Delayed
Clearance of Chylomicrons From the Circulation

Polly A. Field and Geoffrey F. Gibbons

Aging in both humans and rats is associated with the development of insulin resistance and the ensuing alterations in the
plasma lipoprotein profile. In this study, young {2 months) and old (15 months) Sprague-Dawley (SD) rats were used to
investigate age-related alterations in the chylomicron clearance pathway. Clearance from the blood of an intravenously
injected bolus of “C-labeled cholesterol ester (CE) and 3H-labeled triacylglycerol (TAG) lymph chylomicrons was markedly
delayed in the old rats (P < .05). Hepatic expression of the two principal receptors of chylomicron remnant removal, the
low-density lipoprotein (LDL) receptor and LDL receptor-related protein (LRP), was determined by ligand blotting and
immunoblotting. The old rats expressed 43% = 7% of the level of LDL receptor in the young animals (P < .05) and 45% =+ 16% of
the corresponding level of LRP (P < .05). The results suggest that the delayed clearance of chylomicron remnants in this
animal model of aging and insulin resistance is due, at least in part, to a decrease in the hepatic expression of LDL receptor

and LRP.
Copyright © 2000 by W.B. Saunders Company

HE DEVELOPMENT of insulin resistance is believed to
be a natural consequence of aging and the alterations in
body composition, specifically an increase in the mass of
abdominal adipose tissue, entailed therein.!"* Insulin resistance
is characterized by several perturbations in the plasma lipopro-
tein profile including postprandial lipemia,* which is thought to
be a central feature in the etiology of atherosclerosis.>®
Chylomicrons and very—low-density lipoprotein (VLDL) are
cleared by a common 2-step clearance pathway, which may be
altered at several potential loci by insulin resistance. Upon entry
to the bloodstream, chylomicrons react with lipoprotein lipase
(LPL) on the capillary endothelium to release a proportion of
their component triacylglycerol (TAG) as nonesterified fatty
acids (NEFAs).>10 The TAG-depleted chylomicrons (known as
chylomicron remnants) are then cleared from the circulation,
predominantly by the low-density lipoprotein (LDL) receptor
and LDL receptor—related protein expressed by the liver (re-
viewed recently'!12). It has been established that chylomicron
clearance is delayed in elderly humans.’*15 A number of
separate studies, including LDL kinetic studies in man'® and
studies of LDL binding to canine liver cell membranes,!”!8 have
provided indirect evidence of a decline in hepatic expression of
the LDL receptor with progressive aging. Until now, extension
of this hypothesis to humans or rats has awaited direct
determination of receptor expression in these species. The
influence of age on the hepatic expression of LRP in any species
has yet to be addressed.

In the present investigation, Sprague-Dawley (SD) rats were
studied. The aging SD rat exhibits several of the main metabolic
features of human aging,'!® including increased plasma insulin
and NEFAs and increased adiposity, especially visceral fat.20.2!
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The insulin resistance of the old animals is manifest both
peripherally and hepatically.?!-* A comparison between the
rates of peripheral lipolysis and hepatic removal of chylomi-
crons between young and old rats was achieved by injecting
lymph chylomicrons radiolabeled in the TAG and cholesterol
ester (CE) moieties. The fact that CE is not hydrolyzed by LPL
but remains with the particle enables it to serve as a marker of
particles remaining in the blood prior to hepatic uptake. Hepatic
expression of the LDL receptor and LRP was directly deter-
mined by immunoblotting and ligand blotting. It was estab-
lished that the rate of chylomicron remnant clearance and the
level of expression of the LDL receptor and LRP were reduced
in the old rats in comparison to the younger animals.

MATERIALS AND METHODS
Animals

Male SD rats aged either 2 months or 15 months (designated young
and old, respectively) were used for the chylomicron clearance kinetics
and receptor expression studies. Chylomicrons were harvested from
adult male Wistar rats (150 to 200 g body weight). All animals were
supplied by Harlan Olac, Bicester, UK and were housed at 22° * 2°Cin
a windowless room artificially lit between 8 AM and 8 PM. Animals were
allowed ad libitum access to tap water and a pelleted diet (4.3% fat,
22.3% protein, 4.6% fiber, and 51.2% carbohydrate [mainly starch];
supplied by Special Diet Services, Witham, Essex, UK). All procedures
were performed between 9 and 11 AM.

Chylomicron Clearance Kinetic Studies

Radiolabeled lymph chylomicrons were prepared by cannulation of
the thoracic lymph duct of a rat anesthetized with halothane.> An
aliquot of triolein (1 mL) containing [9,10(n)-*H]oleic acid (14.8
MBg/mL) and [4-"C]cholesterol (1.67 MBg/mL) was introduced
directly into the stomach. The lymph was collected into a flask
containing EDTA, reduced glutathione, and gentamycin sulfate to a
final concentration of 2.7 mmol/L, 1.6 mmol/L, and 0.1 mg/mL,
respectively. The resultant chylomicron suspension was filtered through
nylon gauze and centrifuged at 120,000 X g for 35 minutes at 10°C. The
surface layer of chylomicrons was mixed with 0.9% (wt/vol) sterile
saline and centrifuged again under the same conditions. The chylomi-
cron suspension was aspirated from the surface. Penicillin (100 U/mL)
and streptomycin (0.1 mg/mL) was added and the solution was stored at
4°C away from light until use. Only one preparation of chylomicrons
was used for the studies described in this report.
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Recipient animals were anesthetized with pentobarbital injected
intraperitoneally (65 mg/kg body weight). A heparinized blood sample
was taken from the tail before administration of the chylomicron
suspension (30 mg chylomicron-TAG/kg body weight) via the saphe-
nous vein. At set time points following chylomicron administration,
heparinized blood samples were taken from the tail and kept on ice.
After 30 minutes, the rat was bled by aortic puncture and the liver was
removed, quickly perfused with a solution containing 7.1 g/L sodium
chloride, 0.36 g/L potassium chloride, 0.165 g/L potassium dihydrogen
phosphate, 0.302 g/I. magnesium sulfate heptahydrate, and 2.15 g/L
sodium hydrogen carbonate, blotted, and frozen in liquid nitrogen. The
blood samples taken throughout the time course were centrifuged for 10
minutes (700 X g at 4°C) and the plasma was aspirated.

Analytical Procedures

Immediately after the experiment, lipids were extracted from the
plasma samples by the method of Folch et al?6 and fractionated by
thin-layer chromatography (TLC)% (Silica gel G plates; Anachem,
Bedfordshire, UK). The TAG and CE bands were scraped from the plate
and radioactivity was determined by scintillation counting (Optiphase
‘Safe’ scintillation fluid, Wallac, Milton Keynes, UK; and LS 6500
Beckman scintillation counter, High Wycombe, UK). The initial and
terminal blood samples were analyzed for total TAG, NEFA, and
glucose using a Monarch Clinical Chemistry analyzer (Instrumentation
Laboratories, Warrington, UK). The plasma glucose level was measured
by the hexokinase method, plasma NEFA was assayed using a WAKO
NEFA C kit (Alpha Laboratories, Eastleigh, UK), and plasma TAG was
determined according to Humphreys et al.?® Liver samples were
homogenized in phosphate-buffered saline ([PBS] 1:5 liver to buffer)
using a top-drive Potter-Elvehjem homogenizer (Voss Instruments,
Maldon, Essex, UK). Lipids were extracted from an aliquot of
homogenate by the method of Folch et al,26 separated by TLC, and
assayed for radioactivity as before.

Preparation of Liver Plasma Membrane Fraction

Rats were killed by concussion followed by dislocation of the neck.
Liver homogenates were prepared in 50 mmol/L HEPES (pH 7.4), 100
mmol/L NaCl, 10 mmol/l. EDTA, 10 mmol/L. EGTA, 10 mmol/L
n-ethylmaleimide, 2.2% (vol/vol) dimethyl sulfoxide, and 1 mmol/L
PMSF using a top-drive Potter-Elvehjem homogenizer. The homoge-
nates were sequentially centrifuged (at 4°C) first at 500 X g for §
minutes, followed by 8,000 X g for 1 hour, and finally 100,000 X g for 1
hour to pellet the membrane fraction (referred to as plasma membrane)
as described by Kovanen et al.®i{The pellets were combined and
sonicated in the same buffer until the suspension was homogenous
(Vibracell sonicator with 0.2-cm probe; Sonics and Materials, Danbury,
CT). The suspension'was stored in liquid nitrogen till use.

Immunoblotting

Proteins were separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) using 5% acrylamide minigels under
nonreducing conditions. Fractionated proteins were electroblotted onto
nitrocellulose membrane (Hybond ECL; Amersham, Buckinghamshire,
UK). Nitrocellulose membranes were blocked for 1 hour in a solution of
PBS-Tween, pH 7.5 (80 mmol/L) disodium hydrogen orthophosphate,
20 mmol/LL sodium dihydrogen orthophosphate, 100 mmol/L sodium
chloride, and 0.1% vol/vol Tween 20) containing 5% (wt/vol) nonfat
milk powder. The nitrocellulose membrane was then incubated for 1
hour with either an antibody to the LDL receptor diluted 1:1,000 in
PBS-Tween® or an antibody against the 85-kd subunit of LRP diluted
1:2,000 in PBS-Tween.3! Nitrocellulose membranes were washed in
PBS-Tween (3 changes of buffer over 20 minutes) and incubated for 1
hour with a secondary antibody, rabbit immunoglobulin horseradish
peroxidase-linked whole antibody (Amersham), diluted 1:1,000 in
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PBS-Tween. Nitrocellulose membranes were washed as before, and
the bands were detected by enhanced chemiluminescence ([ECL]
Amersham ECL reagents and Hyperfilm-ECL). Relative band intensi-
ties were determined by densitometry (BioRad, Hemel Hempstead,
UK).

Ligand Blotting

Proteins were fractionated and electroblotted as described before.
The nitrocellulose membranes were incubated with a blocking buffer
for 1 hour at 37°C (50 mmol/L Tris/hydrochloride, pH 8.0, 90 mmol/L
sodium chloride, 2 mmol/L calcium chloride dihydrate, and 50 mg/mL
albumin bovine fraction V). An aliquot of rabbit BVLDL (isolated as
previously described®?) and iodinated by the iodine monochloride
method®® to a specific activity of 672 cpm/ng) was suspended in
blocking buffer to a final concentration of 1 pg protein/mL and
incubated with the membrane for 1 hour. Unbound ligand was removed
by washing in a buffer identical to the blocking buffer but containing
only 5 mg/mL albumin. Ligand binding was detected by autoradiogra-
phy using preflashed film (Hyperfilm-ECL) and enhancer screens, and
the relative band intensities were determined by densitometry (BioRad
Model GS-700 Imaging Densitomiter).

Calculations

The total plasma volume for SD rats was calculated from the
following formula3*: plasma volume = 0.175 (weight®?), The propor-
tion of label remaining in the plasma against time was plotted for each
rat, and the area under the clearance curve (AUC) was calculated. The
AUCs between different groups of rats were compared using the
Mann-Whitney U test for 2 independent samples to determine statisti-
cally significant differences. To indicate the lipolytic processing of
chylomicrons throughout the time course, the removal of *H TAG in
excess of 1C CE at each time point was calculated (the proportion of ’H
TAG removed minus the proportion of 4C CE removed). The Mann-
Whitney U test for 2 independent samples was used to determine
statistically significant differences. Plasma membrane samples from 4
young and 4 old rats were separated on the same acrylamide gel (equal
amounts of protein applied), and the intensity of the LDL receptor or
LRP (in arbitrary units) was determined by scanning laser densitometry.
Significant differences between young and old rats were determined by
Mann-Whitney U test for 2 independent samples. All values are
expressed as the mean = SE, and all statistical calculations were
performed using SPSS Version 8 for Windows (SPSS, Chicago, IL).

RESULTS
Chylomicron Clearance Kinetics

A bolus of radiolabeled lymph chylomicrons was injected
into 3 old rats (body weight, 518 = 23 g) and 3 young rats
(body weight, 232 = 5.0 g). The clearance of chylomicron
remnants from the plasma (indicated by loss of “C CE) was
markedly slower in old rats than in younger animals (P < .05;
Fig 1). Thirty minutes after the injection, almost twice the
proportion of *C CE remaining in the blood of young rats was
retained in the blood of older animals (11.15% * 1.9% v
19.52% = 4.3% of the injected dose). Similarly, the clearance
of 3H TAG was retarded in old rats (P < .05). However, by 30
minutes, the relative proportions of 3H TAG remaining in the
plasma of young and old animals were not greatly different:
1.78% = 0.2% of the injected TAG remained in young rats v
2.94% * 0.65% in old rats. A comparison of total plasma TAG
in samples taken before administration of the chylomicrons and
30 minutes later indicated that old rats but not young rats
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Fig 1. Decay of chylomicron label within the blood. Clearance of
14C CE and 3H TAG from the plasma following chylomicron administra-
tion to 3 old rats (®) and 3 young rats (A). Clearance of “C CE and H
TAG was significantly slower in old rats (P < .05).

significantly accumulated TAG over the experimental period
(P < .05) (Table 1).

To help indicate the degree of chylomicron TAG removed in
the circulation throughout the time course, the excess clearance
of 3H TAG to “C CE at each time point was calculated from the
data in Fig 1 (Fig 2). The premise for the calculation was the
assumption that removal of chylomicrons from the blood as
intact particles would entail an equal disappearance of *H TAG
from the blood as “C CE removal. Because chylomicrons are
not cleared from the blood without the loss of some *H TAG, the
excess clearance of 3H TAG is a reflection of that proportion of
chylomicron 3H TAG which has been removed by peripheral
lipolysis. Therefore, subtracting the proportion of 1“C CE which
has been removed from the blood at each time point from the
proportion of *H TAG removed provides an indication of the

Table 1. Analysis of Plasma Before Chylomicron Injection and 30
Minutes Afterward

Group Glucose {mmol/L) NEFA (umol/L) TAG (umol/L)
Before

old 5.69 * 0.342 425 + 28° 529 * 70°

Young 5.76 * 0.18 253 + 9° 380 = 64
After

Oid 7.09 £ 0.42 331 =91 831 x 17¢

Young 6.53 * 0.42 249 = 17 484 = 80

NOTE. Values that are significantly different are denoted by the
same superscript (P < .05).
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Fig 2. Lipolytic loss of chylomicron TAG throughout the time
course, calculated from the proportion of *H TAG cleared in excess of
the clearance of “C CE. *P < .05, young v old rats.

proportion of 3H TAG which has been cleared from the
circulation by peripheral lipolysis. Figure 2 demonstrates that a
greater proportion of chylomicron TAG was cleared from the
circulation following peripheral lipolysis in the old rats versus
the younger animals (P < .05 at 5, 14, and 20 minutes).

Hepatic Clearance

Analysis of the liver samples taken after the 30-minute time
course showed no significant differences between the recovery
of chylomicron *H TAG or “C CE between the young and old
animals. The old rats incorporated 59% = 1.1% of the injected
chylomicron *C CE, whereas the young rats incorporated
62% * 4%; 26.7% * 1.1% of the injected 3H TAG was
recovered in old rats versus 23.4% * 2.5% in the younger
animals.

Hepatic Receptor Studies

The 4 old and 4 young rats used for this study were in all
respects identical to those used for the chylomicron kinetic
study. The determination of the relative hepatic expression of
LDL receptor by ligand blotting showed that old rats expressed
less than half the level of the receptor of the younger rats
(P < .05; Table 2 and Fig 3). This finding was confirmed by the
immunoblotting data (Fig 4). The antibody raised against the
85-kd subunit of LRP bound to an 85-kd protein and, to a lesser
extent, to a 170-kd protein (approximately 25% of the binding
to 85kd; Fig 5). The higher-molecular weight band was
presumably a dimer of the 85-kd subunit. A decreased expres-
sion of LRP in the old rats was evident from analysis of either

Table 2. Relative Hepatic Expression of LDL Receptor and LRP as
Quantified by Laser Scanning Densitometry (arbitrary units)

Oid Young
Ligand blot of LDL receptor 43.0 = 7.3* 100 = 14.5
Immunoblot of LDL receptor 58.0 + 225 100 = 11.3
Immunoblot of LRP 45.0 = 15.9* 100 = 1.2

*P < 05, young vold rats.
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Young Old

Fig 3. Ligand biot of the LDL receptor. Hepatic plasma membrane
fractions from 4 young and 4 old rats were subjected to SDS-PAGE,
electroblotted onto nitrocellulose, and incubated with 125l-BVLDL.
Bands were visualized by autoradiography.

the 85-kd subunit (45% * 15.9% of the expression of the young
animals) or its dimer (52% = 3.5% of the expression of the
young animals, P < .05).

DISCUSSION

These results provide direct evidence for an impeded clear-
ance of chylomicrons from the plasma of old SD rats. However,
since the clearance of TAG and CE moieties of the chylomi-
crons was delayed in the old rats, it was not immediately
apparent whether peripheral lipolysis or whole-particle uptake
was “rate-limiting” to particle clearance. Distinguishing be-
tween an accumulation of chylomicrons owing to a defect of
lipolysis and an accumulation caused by insufficient hepatic
clearance poses a considerable experimental challenge. Indeed,
to address this question fully, a separation of the lipolytic and
hepatic steps would be necessary. Nevertheless, a comparison
of the clearance of chylomicron TAG to the clearance of CE
from the rats in this study can help in making this distinction.
Following the injection of chylomicrons into old rats, only a
small proportion of “C CE was removed from the blood
between 2 and 5 minutes (90% * 7.8% to 88% * 1.3% of the
injected dose remaining in the blood). Only after 9 minutes did

207

121

Young Old

Fig4. Immunoblot of the LDL receptor. Hepatic plasma membrane
fractions from 4 young and 4 old rats were subjected to SDS-PAGE,
electroblotted onto nitrocellulose, and incubated with a polyclonal
antibody against the LDL receptor. Bands were visualized by ECL.
Molecular weight markers (in kd) are indicated.

Young Old

Fig 5. Immunoblot of the LRP. Hepatic plasma membrane frac-
tions from 4 young and 4 old rats were subjected to SDS-PAGE,
electroblotted onto nitrocellulose, and incubated with a polyclonal
antibody against the 85-kd subunit of LRP. Bands were visualized by
ECL. Molecular weight markers (in kd) are indicated.

the level of “C CE decrease substantially. The clearance of 3H
TAG showed a different pattern. There was a rapid removal of
TAG between 2 and 5 minutes (72% *+ 7.6% to 48% * 2.4% of
the injected dose remaining in the blood). It is therefore
apparent that chylomicrons were subject to lipolysis during the
first 9-minute period yet hepatic clearance was minimal.
Lipolytic removal of TAG from a chylomicron is essential for
subsequent hepatic removal.®3 To establish whether the degree
of lipolysis impaired hepatic removal in old rats, a comparison
to the young rats was made. Figure 2 demonstrates that the
proportional loss of TAG from the blood as a result of lipolysis
was higher in the old rats. It is therefore evident that the loss of
TAG in old rats would be sufficient to allow hepatic internaliza-
tion if the liver possessed that capacity. Because whole-particle
uptake from the plasma was restricted in the old rats, chylomi-
crons were exposed for a longer period to lipolytic TAG
removal, resulting in a proportionally higher clearance of TAG
from the blood via lipolysis. This hypothesis accords with
findings by Summerfield et al,’¢ who demonstrated that the
activity of LPL was not altered between the ages of 3 and 13
months in SD rats. The lower rate of clearance of chylomicron
TAG is therefore thought to be secondary to a reduced rate of
removal of whole particles from the blood. The finding that the
hepatic recovery of radiolabel 30 minutes following chylomi-
cron administration was not significantly different between the
old and young rats does not contradict this conclusion. By 30
minutes, the slower clearance mechanisms of the old rats
achieved a total clearance similar to that found in the younger
animals; absolute clearance was delayed, not significantly
reduced.

A reduced rate of lipoprotein clearance in the old rats was
further indicated by the increased plasma levels of total TAG in
old animals following the 30-minute experimental period (Table
1). The extra TAG cannot simply be attributed to residual
chylomicrons, as the 3% of the injected chylomicron TAG
remaining in the plasma after 30 minutes would increase the
level of TAG by approximately 30 umol/L. It is more likely that
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the elevated TAG was a consequence of a larger number and/or
larger size of VLDL in the plasma: a preferential clearance of
chylomicrons over VLDL via the common clearance pathway
resulting in an accumulation of endogenous lipid in the
plasma.”3738 The immunoblotting and ligand blotting of hepatic
membranes provides a mechanistic explanation for the reduced
remnant clearance of the old rats by demonstrating very clearly
that expression levels of both the LDL receptor and LRP were
decreased. The old rats showed a level of expression of both
receptors, per unit weight of liver, that was only half of that in
the younger animals (Table 2). Why the expression levels of
LDL receptor and LRP were decreased in old rats is not
immediately obvious. The principal means of regulating LDL
receptor expression is through alterations in cellular sterol
balance. Influx of cholesterol to the cell, via endocytic internal-
ization of lipoproteins, results in a decline of cholesterol
synthesis and LDL receptor expression.®-! It is plausible that
the insulin resistance manifest in the old rats may have altered
the cholesterol balance of the liver and thus affected the
regulation of LDL receptor. Studies in man lend tentative
support to this hypothesis. The ability of LDL isolated from
type 2 diabetic subjects to decrease cholesterol synthesis is
diminished.*? Other defects in cholesterol metabolism in type 2
diabetic patients include increased levels of 3-hydroxy-3-
methylglutaryl-coenzyme A (CoA) reductase,*? reduced activity
of acyl CoA:cholesterol-O-acyltransferase,** and a failure to
downregulate peripheral cholesterol synthesis in the postpran-
dial period.*> Although the effects of these many alterations on
hepatic expression of the LDL receptor have not been investi-
gated, the increased levels of cellular free cholesterol would be
anticipated to downregulate receptor expression.*s Whether
similar alterations in cholesterol metabolism exist in the insulin-
resistant nondiabetic state remains to be resolved. Previous
study has shown that the level of total hepatic cholesterol
increases with age in the SD rat, mainly as an increase in
esterified cholesterol,*’” but the size of the regulatory pool of
free cholesterol in old and young rats is not known. However,
the inability of the liver to respond appropriately to insulin in
the insulin-resistant state may directly reduce the expression of
the LDL receptor. Studies in hepatocyte culture have shown that
insulin exerts a stimulatory influence on receptor expression
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and is able to overcome the suppressive effect of exogenous
LDL.*® The altered levels of glucagon* and thyroid hor-
mone>! in old rats may also have a modulating effect,52-54

The promoter region of the LRP gene does not contain a
sterol response element.’> Alterations in cellular cholesterol
balance therefore would not impact on the expression of LRP.
However, whether insulin is able to increase expression of LRP
in the liver, analogous to the effect on the LDL receptor, is
unknown. Evidence from adipocytes, which exhibit increased
translocation of LRP from intracellular compartments to the
plasma membrane when stimulated by insulin, indicates that
LRP action rather than expression is insulin-sensitive.’® The
paucity of information concerning LRP regulation effectively
precludes speculation on the likely regulatory mediators of LRP
in insulin resistance.

It could be argued that reduced hepatic expression of
endocytic receptors was secondary to a general senescence of
the old rats rather than a direct consequence of insulin
resistance. The results from the present study cannot distinguish
between these possibilities; however, investigations of LDL
receptor expression in man have indicated that aging per se does
not diminish the ability of the liver to express the LDL receptor.
It is known that elderly men receiving pharmacological doses of
estrogen have a dramatically elevated apolipoprotein B LDL
fractional catabolic rate, suggesting a capacity for upregulation
of the LDL receptor.”’ Furthermore, skin fibroblasts isolated
from individuals of varying ages do not show a reduced
expression of the LDL receptor with age.>®

In summary, the delayed clearance of chylomicrons from the
plasma of old rats is associated with a reduced hepatic
expression of the LDL receptor and LRP. Further investigation
into the mechanisms by which receptor expression is regulated
would increase our understanding of this important facet of

aging.
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